We present a single pixel terahertz (THz) imaging technique using optical photoexcitation of semiconductors to dynamically and spatially control the electromagnetic properties of a semiconductor mask to collectively form a THz spatial light modulator (SLM). By co-propagating a THz and collimated optical laser beam through a high-resistivity silicon wafer, we are able to modify the THz transmission in real-time. By further encoding a spatial pattern on the optical beam with a digital micro-mirror device (DMD), we may write masks for THz radiation. We use masks of varying complexities ranging from 63 to 1023 pixels and are able to acquire images at speeds up to 1/2 Hz. Our results demonstrate the viability of obtaining real-time and high-fidelity THz images using an optically controlled SLM with a single pixel detector. Lett. 69, 1026-1028 (1996). 10. B. B. Hu and M. C. Nuss, "Imaging with terahertz waves," Opt. Lett. 20, 1716Lett. 20, -1718Lett. 20, (1995. 11. M. C. Nuss, "Chemistry is right for T-ray imaging," IEEE Circ. Dev. Mag., 12, 25-30 (1996 
Introduction
Terahertz (THz) radiation has great potential for imaging applications [1, 2] due to its ability to penetrate most dielectric materials and non-polar liquids. Its harmless interaction with human tissue suggests imaging in this regime has immediate applicability in the fields of biodetection [3] , system inspection [4] , and detection of illegal drugs [5] . However, a significant limitation currently preventing wide-spread THz imaging is the absence of efficient sources and detectors operating between 0.1 and 10 THz -a band of the electromagnetic spectrum often referred to as the "THz gap" [6] . Although there exists great technical difficulty in feasibly performing THz imaging, there has been moderate progress over the past 25 years. Multielement detector schemes, both microbolometer arrays [7, 8] and electro-optic sampling with high-performance CCD cameras [9] , provide accurate and real-time THz images. However, these imaging systems often require high powered sources and/or expensive complex detectors that lack the sensitivity of single element detectors. The use of a single detector has been employed to obtain THz images by mechanically raster scanning the object plane to acquire spatial information [10] . While the latter technique has the benefit of high spatial resolution and accurate imaging, major shortcomings are the long acquisition time [11] and the mechanical nature of the scanning system.
An alternative single pixel solution -relying on spatial multiplexing -could help overcome many of the disadvantages involved with more conventional imaging techniques. The imaging of complex scenes is enabled with sparse detector arrays or even single pixels using spatial light modulators (SLMs) to multiplex the image. Mechanical masks that are either manually exchanged or placed onto spinning discs have demonstrated proof of principle THz imaging using, for example, compressive sensing and adaptive coded aperture imaging [12] [13] [14] . Although SLMs, such as digital micro-mirror (DMD) [15] and liquid crystal (LC) [16] systems are commercially available, they do not operate at THz frequencies. Attempts to develop THz SLMs have thus far been ineffective in producing efficient and high speed devices, though there are several attractive alternatives to using mechanical masks.
Semiconductor and metamaterial / semiconductor hybrid devices can be controlled by a variety of different methods to achieve THz amplitude and frequency modulation [17] . An initial study demonstrated performance of a room-temperature electronic controlled metamaterial for a 4 × 4 pixel array used to form a diffractive grating [18] . Additionally, all-electronic dynamic metamaterials have demonstrated switching speeds up to 10 MHz [19] . Another avenue to achieving a THz SLM has been inspired by the work initially developed at millimeter wavelengths where optically excited electron plasmas in photo-active semiconductors serve as a spatial mask in creating Fresnel lenses and reflect-arrays for beam-steering and communication based applications [20, 21] . Early studies indicate that THz spatial modulation is also possible with sufficient optical power [22] [23] [24] . Both electronic and optically controlled SLMs pose as a fast and efficient means to dynamically control electromagnetic radiation thus allowing for realistic methods to perform THz imaging.
In this work we demonstrate single pixel multiplex THz imaging based on an optically controlled reconfigurable THz mask in high-resistivity Silicon (ρ-Si). By utilizing a DMD to optically encode spatial patterns we are able to achieve up to 1023-pixel, high fidelity THz images with frame rates as fast as one image per two seconds -only limited by available software. The achieved signal-to-noise ratio (SNR) suggests the possibility that our technology may provide quasi real-time THz imaging with frame rates as fast as 3 frames per second (fps).
Theory

Imaging theory
Typical single pixel camera architectures involve four key components: a light source, imaging optics, a single element detector, and a SLM. Light from an illuminated object is focused using imaging optics onto a SLM which, for binary encoding, selectively passes portions of the image to the detector and blocks others. A sequence of known patterns is displayed on the SLM and a single value is acquired for each mask frame. Prior knowledge of these masks allows for the reconstruction of the image as schematically illustrated in Fig. 1 . For example, mechanical raster scanning can be emulated by displaying a single pixel at a time on the SLM.
For imaging systems using intensity based detectors that are not sensitive to the phase of electromagnetic radiation, binary masks that modulate the intensity are well suited. There are sev- eral different types of binary coded apertures that can be used to multiplex an image -though the field is dominated by random and Hadamard based masks. Random binary masks are comprised of 1's and 0's determined by standard probability distributions such as Gaussian or Bernoulli, among others. Hadamard matrices are square matrices composed of +1's and -1's in which each row is orthogonal to all other rows [25] . To create binary masks we can use an S-matrix, created by omitting the first row and column of the corresponding normalized Hadamard matrix, substituting all 1's with 0's, and all -1's with 1's. Each row of this matrix can then be used as a 1, 0 mask for successive measurements in a single pixel imaging system. We define a one-or two-dimensional image by a vector X with N-elements (this can be done by concatenating the rows into a single column). We represent a single measurement y j in a multiplexing scheme by the following expression:
or the matrix equation Y = Φ × X. In this equation, Y is a column vector with M-elements representing the M measurements taken and Φ is the M × N measurement matrix, in which each row represents a mask displayed on the SLM. For example, Φ that corresponds to a raster scan imaging technique is the N × N identity matrix. For a well-conditioned measurement matrix [26] and the fully determined case, i.e. M = N, the reconstruction becomes linear and can be solved by a simple matrix equation: X = Φ −1 ×Y [25] . One advantage of using S-matrices as the measurement matrix such that Φ = S N is the particularly simple decoding process given by:
where S N is the S-matrix of order N, S T N is its transpose, and J N is an N × N matrix of all 1's [25] .
Dynamic THz spatial light modulators
The photoexcitation of free carriers in semiconductors is a well understood process for both CW and ultrafast optical beams [27] . For ρ-Si substrates a higher carrier density can be generated by CW pump beams, compared to pulsed sources of identical average power, due to the relatively long carrier lifetimes in Si [28] . The change in the complex dielectric constant can be described by the Drude model [28] [29] [30] [31] . where ε ∞ = 11.7 is the frequency independent dielectric permittivity due to the contribution of bound electrons, Γ = 1/τ c is the damping rate (with τ c = 160 fs the average collision time [28, 31] ), ω 2 p is the plasma frequency defined as ω 2 p = n Si e 2 /ε 0 m * with e the electron charge, ε 0 the free-space permittivity, and m * = 0.26m e the effective mass [31] . If we neglect the carrier diffusion and consider only free carrier generation and linear recombination in the semiconductor, the carrier density n Si is proportional to the optical power of the pump beam and is modulated through photodoping [30] n Si 
where I 0 is average power, R is the reflectivity of Si at the pump wavelength,hω is the photon energy, τ = 25 μs is the carrier lifetime [32] , A is the area of the laser excitation, and d is the penetration depth. At THz frequencies the photodoped charges correspond to a large increase in the absorption coefficient as a function of I 0 , allowing for strong attenuation of incident THz electromagnetic waves. We measured the THz transmission, shown as the solid curves in Fig. 2 , through a 520 μm thick ρ-Si substrate (ρ > 10,000 ohm-cm) for increasing optical power using a 980 nm CW laser diode. We characterize the THz transmission using a Fourier Transform Infrared (FTIR) spectrometer, a mercury (Hg) arc lamp source, multi-layer mylar beamsplitter, and liquid-helium cooled silicon bolometer. The size of the THz and optical beams was 4mm and 9mm, respectively, at the plane where we placed the ρ-Si substrate. Etalons due to multiple reflections within the ρ-Si substrate were removed and the modified interferogram was Fourier transformed to obtain the sample spectrum. A similar procedure was performed for a reference with an open channel; division of the sample and reference spectra resulted in the frequency dependent absolute value transmission T(ω) and corresponding differential transmis- Figs. 2(a) and 2(b), respectively. We observe broadband attenuation of the THz signal where, at our maximum fluence of p = 1 W/cm 2 , we measure a modulation depth of 43% at 0.7 THz. The undoped (T p=0 (ω), black curve) of Fig. 2(a) was performed in vacuum; however, due to technical limitations, transmission measurements for both photodoped cases were performed in air -leading to a reduced signal-to-noise which ac-counts for the large fluctuations in T(ω).
The dashed curves in Fig. 2 are the results of full wave 3D electromagnetic simulations where we model the resulting change in the transmission as a function of an increase in the ρ-Si conductivity using the commercial finite difference time domain (FDTD) solver CST Microwave Studio 2012. In simulation we define the ρ-Si within the penetration depth, d = 85 μm [28] , as a Drude layer, described by Eqs. 2 and 3, with increasing n Si . Below the penetration depth the ρ-Si is treated as a dielectric with a constant complex permittivity ε Si = 11.7 + 0.01i. The photogenerated carrier density approached 6 × 10 15 cm −3 for the maximum fluence, in agreement with previous work [28] . The strong frequency dependence of the imaginary component of the dielectric permittivity within the photoexcited region results in high absorption at lower frequencies and minor attenuation above several THz. The qualitative agreement between the model and experimental measurements demonstrate that optically controlled broadband THz modulation is possible. Since the carrier lifetime in ρ-Si of τ = 25 μs is the only fundamental limit to this technique, switching speeds beyond 10 kHz is achievable.
Experimental setup
A schematic of the THz imaging system is presented in Fig. 3 (a) and consists of both an optical beam path (red lines) and a THz beam path (gray lines). As a broadband THz source we utilize a Hg-Arc lamp which emulates a 5500 K blackbody. The source is used in conjunction with a long-pass filter (LPF-065 from Lakeshore) that blocks wavelengths shorter than 65 μm (> 4.6 THz). The THz imaging optics consist of two 50.8 mm diameter 90 • off-axis parabolic mirrors (OAPMs) each with an effective focal length of f L =190.6 mm. The first OAPM is f L from the source and back-illuminates the object a distance 150 mm away. The second OAPM, a distance 933 mm from the object, focuses the radiation and forms a conjugate image on the SLM 215 mm away. The system has an overall magnification of 0.23, mapping the 43.5 mm diameter object to approximately 10 mm at the SLM. An image was formed by placing a back illuminated patterned metal aperture between the OAPMs so that a THz image (10 mm in diameter) was formed at the SLM plane. The THz image is transmitted through the ρ-Si and focused using a 50.8 mm diameter TPX lens with f = 100 mm to the detector -a liquid-helium cooled silicon bolometer. The entire apparatus is enclosed and is purged by dry air at room temperature to reduce the THz absorption due to water vapor.
An optical beam is used to spatially modulate the THz image and consists of a 2 W multimode laser diode at a wavelength of 980 nm. An aspheric lens collimates the laser and a Galilean beam expander is used to produce a beam which slightly overfills the DMD. Light is reflected from the DMD in the blaze configuration (described below) and the spatially patterned optical beam is aligned to overlap with the THz image at the front surface of the ρ-Si wafer achieving a maximum optical fluence of 250 mW/cm 2 . The DMD shown in Fig. 3(b) is utilized to spatially modulate the optical beam by configuring it as a blazed diffraction grating. Our DMD (DLP D4100-2XLVDS) has a window optimized for the transmission of NIR and 1024×768 micro-mirrors (total area 14.0 mm × 10.5 mm), where each mirror has a pitch d DMD = 13.68 μm and behaves as a binary reflector. By aligning the angle of incidence correctly, the majority of the energy can be directed into the "blazed" order [33] . The blazed condition for wavelength λ B is related to the grating pitch d = d DMD / √ 2, the diffraction order m, and the facet angle φ = 12 • as shown in Eq. (4). The fourth blazed angle is centered at λ = 984 nm with an efficiency of 47% [34] .
The DMD is computer controlled and able to change between frames up to a (software limited) time of 32 ms. Binary bitmap files are loaded into the software to be displayed on the DMD. The white portions represent light that was directed toward the ρ-Si whereas black represents light that was directed away. This corresponds to white mask regions photodoping the ρ-Si, i.e. modulating the THz transmission where black represents unmodulated regions. Since the DMD is designed for much shorter optical wavelengths, we may utilize several mirror pixels to function as a single THz-sized pixel for the S-matrix mask, thus permitting flexibility for both pixel count and pitch. We use S-matrix masks of varying complexity and change the pixel size accordingly to keep the overall mask area approximately equal. The THz image resolutions we investigated are summarized in Table 1 and the relation between physical size and DMD pixels is detailed. Detection of the THz signal is performed with a lock-in detection technique. The laser diode power is modulated with a square wave at a frequency of 300 Hz, which in turn modulates the THz power detected. Output voltage from the Si-bolometer is input into a lock-in amplifier which provides the measured THz signal in Volts. Figures 3(c), 3(d) show the measured lockin voltage as a function of time for several successive masks; the corresponding binary bitmap displayed on the DMD are shown above the raw data in Fig. 3(d) . The stabilization of the lock-in signal after switching between masks is close to 5 ms, with a SNR recorded for each measurement greater than 100; this is sufficient to allow us to acquire a THz measurement at the limits of the switching time of the DMD. We may estimate the total power of THz radiation used in our imaging apparatus since our bolometer has a calibrated responsivity of 2.64 × 10 5 V/W at 300 Hz. Our DMD may be configured to modulate all pixels on and off, from which we measure a lock-in signal of 130 mV. Thus our THz image consists of a maximum modulated THz power of 96 nW over an integrated bandwidth from 0.2 -4.6 THz.
Experimental results and discussion
Using the experimental apparatus shown in Fig. 3 we performed single pixel THz imaging of various scenes. All THz images are normalized by referencing to the beam profile with no object present. The flexibility afforded by our setup enabled us to image at many different mask resolutions and sizes without physically changing the system. Figure 3(c) shows the THz signal for 63 different S-matrix masks displayed over a period of 2 s (each mask is displayed for approximately 32 ms). Figure 3(d) shows zoomed-in raw data for consecutive S-matrix masks, with the corresponding binary mask shown above and the average value used for reconstruction shown in red on the right axis. The inset to Fig. 3(c) shows a false color image of the THz beam profile at the image plane. The reconstruction was done using 63 measurements from the 7 × 9 S-matrix masks (pixel size 1.5 mm) with the total measurement time of approximately 2 s. It is clear from the data shown that quality THz images can be acquired in relatively short times. As stated, the current limitation on speed is software related resulting in mask modulation speed of approximately 31 Hz. However, the response time of the system to a change in mask is approximately 5 ms, resulting in a potential frame rate of 3 fps.
In order to compare our imaging system to more conventional schemes, we perform both raster scan and Hadamard imaging and highlight differences between the two methods -see . S-matrix masks consist of roughly 50% light throughput and it has been demonstrated that using masks created from an N × N S-matrix can increase SNR by a factor of
over raster scan imaging with the same resolution and pixel size [25] . Figsures 4(a), 4(b) show both the metallic aperture used as an object and an optical photograph of the conjugate image at the front surface of the ρ-Si wafer. It is well known that aspheric optics, such as OAPMs, produce aberrations that can distort the image plane in the form of astigmatism and coma, as seen by the image distortion in Fig. 4(b) [36] .
Figures 4(c) -4(e) show raster-scan images acquired with increasing resolution and constructed from 63, 255, and 1023 measurements respectively. The last column in Fig. 4(f) -4(h) shows Hadamard reconstructions with the same number of measurements and resolution as the raster scan images. In order to compare different imaging techniques and resolutions, an identical time of 500 ms per mask was used, giving total acquisition times of 31.5 s for the 7 × 9 images, 127.5 s for the 15 × 17 images, and 511.5 s for the 31 × 33 images. While the image quality in the case of 7 × 9 pixel resolution is comparable between the two techniques, the rapid decrease in image quality for the raster scan images at higher resolutions is apparent -see Fig. 4(e) . In contrast, the image quality is retained for increasing pixel count in the multiplexing case.
To better understand why the signal depreciated significantly for increasing pixel complexity in the case of the raster scan we investigated the measured power for each respective mask type. We calculate the spatial dependence of the power density (nW/mm 2 ) by taking the total measured THz power (96 nW) and extracting the THz power density per pixel p i from the measured 15×17 beam profile intensity as defined by
where x i is the reconstructed signal from pixel i. In Fig. 4 (i) we show a high quality image of the power density -sufficient to observe optical aberrations resulting from the use of OAPMs which result in an asymmetric distribution of THz power about the horizontal axis, as mentioned above. The power/pixel decreases for increasing resolution since the pixel size is reduced -in our case from 1.5 mm to 698 μm to 328 μm. The peak power density calculated in Eq. (5) is 2.5 nW/mm 2 near the center of the beam. This corresponds to a total of 5.6 nW of measured power for the 1.5 mm size pixel and 0.27 nW for the 328 μm pixel, a 95% reduction of measured power proportional to the decrease in pixel area. As shown in Fig. 4(i) , the power density is -9 dB lower towards the outer diameter of the images and approaches values as low as 50 pW of THz power for 328 μm sized pixels -still well above the bolometer's specified noise-equivalent-power (NEP) of 1.57 × 10 −13 W/ √ Hz. The raster scan is unable to compensate for the loss in measured signal for each pixel due to decreasing pixel dimension. In the Hadamard case, although the signal per pixel also drops with decreasing pixel size, the increase in sampled pixels for each data acquisition offsets the reduction in signal. Consequently, the higher resolution image offers more information without sacrificing SNR. The improvement in the image quality for increasing pixel complexity is evident and allows for the aberrations of the THz image resulting from the OAPMs to be rendered.
In order to explore our imaging technique for possible use in screening applications, in Fig. 5 we show various examples of high-fidelity THz images. The top row displays photographs of all the objects imaged: crosses with 8 mm and 4.5 mm wide arms at the object plane (Fig. 5(a) , 5(b)) and two razor blades imaged in manila envelopes (Fig. 5(c), 5(d) ). As stated above, we can program the S-matrix masks to allow for several different functions and mask complexities.
We achieved high resolution images containing 31 × 33 pixels with each mask pixel measuring 328 μm across; this was acquired with 1023 sequential measurements. Like the images shown in Fig. 4 , the masks were displayed for 500 ms each, giving a total image acquisition time of 511.5 s. The reconstructed THz images are shown in Fig. 5(e) -5(h) . Due to the magnification of the system, the crosses are imaged down to have 2.5 mm and 1.5 mm wide arms, respectively. The minimum feature size of the images that we can resolve for these crosses is limited by diffraction. The Rayleigh criterion suggests we achieve a diffraction limited spot size of approximately 1.4 mm at 1 THz, although the inherently broadband nature of detected radiation presented here generates a more complex diffraction pattern than that for use of a monochromatic source [35] . The razor blades are placed within manila envelopes and are, obviously, not visible in the optical, however are clearly identified in the THz images, demonstrating the potential for THz imaging to be used in security applications.
Metamaterial SLMs
Results presented in Figs. 4, 5 demonstrate the ability to perform THz imaging using a single pixel detector. For many potential applications it would be desirable to obtain spectral information, rather than integrating across a portion of the THz range. As discussed in the introduction, metamaterials have shown an ability to modulate THz electromagnetic radiation with demonstrated advantages over conventional materials, including spectral selectivity, amplitude modulation [37] , and phase modulation [38] . We computationally explore a metamaterial based SLM which is optically controlled -schematically shown Fig. 6(a) . Our metamaterial SLM is modeled similar to that for the ρ-Si and we add a complimentary electric split ring resonator [39] to the top of the substrate. The optically excited charge carriers shunt the resonant response of the metamaterial, effectively modulating the transmission at the operational frequency as shown in Figs. 6(b) and 6(c). The metamaterial has been designed to yield a band-pass response centered at 1 THz and achieves a simulated modulation depth of 67% for a maximum fluence of 1 W/cm 2 -see Fig. 6(b) .
The advantage in THz imaging provided by adding resonant metamaterials, as demonstrated in Fig. 6 , is an increase in modulation depth at selected frequencies over bare silicon (67% as compared to 37% at 1 THz). The modulation depth could be further improved by optimizing the geometry of ρ-Si within the metamaterial unit cell, as well as the photodoping wavelength -both of which could potentially maximize the carrier density closer to the surface. Obtaining spectral information with conventional instruments can be challenging, requiring complex high cost equipment and instrumentation with significantly limited acquisition speeds [40] . By arranging the pixels of metamaterial arrays to have uniquely designed operating frequencies we can create multi-color SLMs that could be used to perform high speed THz spectral imaging offering significant improvement over current systems.
Conclusion
We have performed high fidelity THz single pixel imaging and various scenes have been rendered. An optically controlled spatial light modulator was implemented through photodoping in high resistivity silicon and controlled by a DMD. We use S-matrix masks of varying resolution ranging from 63 to 1023 pixels and were able to obtain THz images as fast as one per two seconds. We directly compared Hadamard imaging to the raster-scan technique and highlighted the advantages of the multiplexing method. At THz frequencies dynamically reconfigurable semiconducting device technology provides significant advantages over traditional masks due to the benefit of adaptability and real-time control. This work demonstrates a new path for construction of THz imaging systems. Future work will realize real time imaging of more complex scenes as well as incorporating metamaterials to add additional functionalities applicable to sensing, imaging, and dynamic scene projectors.
